The pelagic phases of the commercially important stalked barnacle, Pollicipes pollicipes (Cirripedia: Scalpellomorpha), still remain a knowledge gap due to the extreme paucity of these larvae in the plankton. During four cruises at the Nalón River mouth (Spain, Southern Bay of Biscay) high densities of these larvae were consistently found inside the river plume. Surface currents, hydrographic conditions and meroplankton distributions were measured during each cruise by means of several GPS-tracked drifters, a CTD probe and a surface floating bongo net. Surface abundance of P. pollicipes larvae reached densities over 300 individuals per cubic meter within the plume and only 24 outside, and were strongly and positively correlated with chlorophyll a concentrations. Larvae were probably gathered and entrained into the river plume by offshore convergent currents. We conclude that river plumes might act as nurseries for P. pollicipes larvae due to their enhanced food supply and their mechanistic effect of aggregation.
. Pollicipes pollicipes spawning takes place mainly from March to September (Molares et al., 1994a; Cruz and Hawkins, 1998) and the development of its larvae takes about a month and comprises six naupliar and one cyprid stages (Kugele and Yule, 1996) . As with many other benthic invertebrates (Thorson, 1950; Roughgarden et al. 1988 , Caley et al., 1996 , P. pollicipes critically depends on external mechanisms that deliver larvae to adult populations, determining their recruitment rate, population structure and gene flow. The arrival of larvae to coastal adult habitats requires a series of sequential transport mechanisms that differ among taxa and/or among locations according to their topography (Pfaff et al., 2015) . In spite of the importance of these early life processes, and the economic importance of the fishery, P. pollicipes larvae remain exceedingly elusive, with available records of only a few individuals per cubic meter in the rare occasions when they have been observed (Valdés et al., 1990; Bode et al., 1998; dos Santos et al., 2007 , Macho et al., 2010 Weidberg et al., 2013) .
River plumes consist of buoyant coastal discharges, which are common and important features in inner shelf habitats, having a significant influence on plankton distribution and biological productivity (Richardson, 1985; Largier, 2002) . Plumes affect larval distribution, larval survival rate and both cross-shore and alongshore advection of larvae (Kingsford and Suthers, 1994; Vargas et al., 2006) . Buoyancy driven circulation has been proposed as one of the main agents driving the transport of larval fish and invertebrates, especially for species occurring in the inner shelf (Epifanio and Garvine, 2001 ). However, the small-scale effects of river plume fronts still represent a research challenge (Simpson and Britter, 1979; O'Donnell et al., 1998) .
Previous studies have shown that river plume fronts may act as larval retention zones for other species of barnacles (Morgan et al., 2005; Vargas et al., 2006) . Accordingly, our objective was to analyze the effect of river plumes on P. pollicipes larval distribution and the potential role of river plume fronts as retention/accumulation agents. The Nalón-Narcea River system was selected as study area because it covers a basin surface of 4866 km , supplying most of the continental nutrient inputs to the Central Cantabrian Sea in the Southern Bay of Biscay (Prego and Vergara, 1998) . During a series of cruises, we found high abundances of P. pollicipes larvae inside the Nalón-Narcea plume, which points to river plumes as pervasive agents for population recruitment within the distributional range of P. pollicipes. Here we offer a detailed description of the conditions and determine whether this aggregation of larvae was caused by physical accumulation due to convergent flows or by chlorophyll spatial distribution.
M E T H O D Sampling design
Four one-day cruises were conducted at the Nalón River mouth (43°34′N-43°37′N and 5°59.5′W-6°5′W; Fig. 1 ) during September and October 2010 (Table I) . During each cruise, nine stations were sampled sequentially: one at the foam line (front), four inside the river plume and four outside. The stations were located along transects orthogonal to the foam line. To increase the spatial resolution in the vicinity of the front, the distance between stations was reduced as we approached the foam line (see distances in Figs. 1-3 ). Since the front moved during the sampling, the position of stations was adjusted to maintain their spatial location with respect to the front position.
Surface currents
The surface currents were measured during each cruise using a set of 6-8 GPS-tracked surface drifters (BT-Q1000X QSTARZ GPS) based on the design by Magome et al. (Magome et al., 2007) and modified by Weidberg et al. (Weidberg et al., 2014) . Two drifters were deployed at the front line, three inside the plume and three outside. Drifters were color coded according to their initial position (front, inside or outside the river plume). During each cruise we recorded which drifters reached the front and which remained inside, using their positions to calculate the distance of the stations to the front. The duration of the drifter experiments depended on the proximity to the coast, the persistence of the foam line and weather conditions. Drifter trajectories were analyzed following Weidberg et al. (Weidberg et al., 2014) . The velocities of the front (μ f ), the offshore (μ off ) and the onshore (μ on ) surface waters were calculated and negative values correspond to waters moving toward the river mouth. Water speed with respect to the front can be calculated as:
and ,
where μ ⁎ off and μ ⁎ on denote the relative velocities of offshore and onshore surface waters toward the front. Positive values of μ ⁎ off and μ ⁎ on indicate that the offshore/onshore waters reach the front, respectively. Offshore (µ off ), onshore (µ on ) and front (µ f ) velocities were calculated based on data from three, three and two drifters, respectively. During Cruise 3, only two drifters were deployed on each side of the front due to rough sea conditions. On Cruise 4, two drifters per position were initially used, but since conditions improved, 1 h later two more drifters were deployed, one inside and one outside the river plume.
The alongshore components (east-west) of surface currents were estimated following the same procedure, calculating alongshore velocities for front (Δ f ), offshore (Δ off ) and onshore (Δ on ) waters. Negative values correspond to waters moving westward, whereas positive velocities reflect waters moving eastward. Alongshore relative velocities were calculated as:
and , off off f on on f where Δ ⁎ off and Δ ⁎ on denote alongshore relative velocities of offshore and onshore surface waters, respectively. Negative velocities indicate that the offshore/onshore waters were moving westward with respect to the front. This means that offshore/onshore waters had faster westward currents than front waters, or that front waters presented faster eastward currents than offshore/onshore waters.
Environmental sampling
Vertical profiles of salinity and temperature were obtained at each station using a Seabird 25 CTD. For Chl a analysis, surface water samples were collected in 250 mL dark bottles, filtered through GF-F filters and immediately frozen. Chl a was extracted in 5 mL of 90% acetone during 24 h in dark conditions at 4°C and measured with a Turner Designs 10 fluorometer following Yentsch and Menzel (Yentsch and Menzel, 1963) . Linear interpolation between the nearest Chl a values was used for one missing datum. 
Meroplankton sampling
Meroplankton was collected using a floating bongo net (100 µm mesh size) that was equipped with two General Oceanics flowmeters (#B 22647) attached to each mouth. The net was towed between surface and 0.5 m depth at 2-3 knots for 3 min. Cod end contents were transferred to 250 mL plastic bottles and fixed in a 4% formaldehyde seawater buffered solution. For analysis, samples were resuspended in seawater and homogenized to extract a 10% aliquot whose P. pollicipes larvae were identified and counted. The larvae were assigned to two different classes, early nauplii (Stages II and III) and late nauplii, (Stages IV-VI). No cyprids were found.
Spatial distribution
Two parameters were used to analyze the spatial distribution of P. pollicipes larvae; the average location of individuals with respect to the front (ALI hereafter) and an index to measure the aggregation of the larval population, i.e. aggregation index (AI). These variables were Tide height (m) at the start and end of sampling; for Cruises 1 and 2, the middle value represents the low tide. Velocities of surface currents with respect to the river mouth: onshore (µ on ), front (µ f ) and offshore (µ off ) waters, and relative velocities of onshore (μ* on ) and offshore (μ* off ) surface waters towards the front. Alongshore (east-west) component of surface currents: onshore (Δ on ), front (Δ f ) and offshore (Δ off ) waters, and relative velocities of onshore (Δ* on ) and offshore (Δ* off ) surface waters with respect to the front.  estimated for each larval stage and cruise separately. ALI were calculated using the following formula:
where n i is the larval abundance at the station "i", N t is the sum of larval abundances of all stations and d i is the distance of the station with respect to the front (in m). Negative and positive distances correspond to organisms located inside and outside the river plume, respectively, while 0 represents the river plume front. The AI was calculated following an adapted version of Simpson's dominance index (Simpson; 1949) :
where S is the total number of stations (i = 1; S = 9), n i is the abundance at the station "i" and N T is the total abundance of larvae around the Nalón River plume (sum of the abundances of all the stations). In this case, an AI of 1 describes a larval population that is concentrated at only one station, whereas an AI of 0.11 corresponds to a population evenly distributed through the nine stations sampled around the river plume. The average location of chlorophyll with respect to the front (ALI Chl a) and chlorophyll aggregation index (AI Chl a) were obtained using surface chlorophyll concentration instead of P. pollicipes abundance and applying the same formulae described above.
Data analysis
The relationships among P. pollicipes abundances (early and late nauplii separately) and environmental variables were evaluated using redundancy analysis (RDA). RDA is a constrained ordination procedure, which seeks, by linear combination of explanatory variables, the orthogonal axes that best explain response variables (see details in Borcard et al., 2011) . Basically, RDA is a multiresponse, multiple linear regression followed by a principal component analysis. Sea surface temperature and salinity were used as hydrographic variables, while Chl a concentration (logarithmically transformed) represented biological ones. The interaction between the distance to the front and μ ⁎ off (relative velocity of the offshore convergent current) portrayed the crossfront advection of larvae, whereas the interaction between the distance to the front and Δ ⁎ off (alongshore relative offshore current) represented the alongshore advection of nauplii. We used relative offshore currents (convergent and alongshore) to represent larval advection because the origin of P. pollicipes larvae is outside the river plume. RDA was made using the rda function from the package vegan within R version 3.1.0 (R Core Team, 2012) and RDA site scores were calculated as the weighted sum of species since this procedure is more robust to noise in environmental variables (McCune, 1997) . The global RDA significance and  the significance of every RDA axis were evaluated by a permutation test (10 000 iterations) using the anova.cca function from the vegan package. This procedure solves the problems caused by non-normal distributions in testing the significance of RDA results (Borcard et al, 2011) . All the abundance data were logarithmically transformed before analysis.
Surface larval abundances were analyzed using a variation partitioning method based on successive partial linear regressions (Borcard et al., 1992; Legendre and Legendre, 1998) improved by the use of adjusted R 2 estimations (Peres-Neto et al., 2006) . For this analysis we used three explanatory matrices (Biological, Currents and Hydrographic), and variation partitioning allows us to know which fraction of the variance is solely explained by each explanatory matrix and which fraction is jointly explained by two or three matrices. A subtractive procedure was used to produce unbiased estimations of the fractions of variation (see details in; Peres-Neto et al., 2006; Borcard et al., 2011) . The Biological matrix included the interaction between larval stage and chlorophyll concentration (logarithmically transformed), whereas the Hydrographic matrix (temperature and salinity) and the Currents matrix (interactions between distance to the front and relative offshore currents, alongshore and convergent) represented physical-chemical and advection effects, respectively. Since linear regression is sensitive to the collinearity of explanatory variables, we checked that our set of explanatory variables (intra and inter matrix) presented a correlation coefficient lower than 0.75, following suggestions in Ayata et al. (Ayata et al., 2011) . The variation partitioning was done using the varpart function from the vegan package following recommendations by Borcard et al. (Borcard et al., 2011) .
The spatial distribution of P. pollicipes was studied by linear regression and model selection using the ALI and the AI as response variables. Using second order Akaike Information Criteria (AICc) we tested if larval spatial distribution was more likely caused by chlorophyll spatial distribution or by cross-frontal advection. The spatial distribution of chlorophyll was summarized as ALI Chl a and AI Chl a and for both variables we produced models with and without an interaction between them and larval stage. To represent the cross-frontal advection we calculated an advection factor (AF) for each cruise and larval stage following the formula:
where μ ⁎ off is the relative offshore convergent current of each cruise and SV denotes larval swimming speed. "E"
and "L" sub-indexes refer to early and late nauplii, respectively. The late nauplii AF L was multiplied by 4.6 (i.e. 23/5) to correct for the longer time spent by late nauplii under the influence of surface currents (5 days early nauplii and 23 days late nauplii; Molares et al., 1994b; Kugele and Yule, 1996) . The swimming speed of early and late nauplii was estimated using the specific formula provided by Candeias (Candeias, 2006) for P. pollicipes larvae: The length of early and late nauplii was calculated using data from a close population of P. pollicipes on the north-west coast of Spain (Molares et al., 1994b) . Functions lm (package stats) and aictab (package AICcmodavg) were used for linear regressions and model selection, respectively. All figures, except Fig. 1 , were made with the ggplot2 package for R (Wickham, 2009) .
R E S U L T S Hydrographical conditions
All cruises were conducted during spring tides except Cruise 3 (Table I ). The sampling occurred during ebb tide, although Cruise 1 and 2 also included the beginning of the rising tide (Table I) . Surface currents were weaker during Cruises 1 and 3, and stronger during Cruise 2 and especially Cruise 4 (Table I) . Pollicipes pollicipes larvae always experienced a flow toward the river plume (positive values of µ* off ) that ranged from 0.009 m s −1 at Front 1 to 0.377 m s −1 at Front 4 ( Table I ). The fast currents recorded during Cruise 4 were the consequence of previous conditions characterized by heavy rainfall and downwelling circulation (see details in Höfer et al.; that generated a clear foam line (Table I) . Alongshore currents were faster during Cruise 3 and during all cruises, except Cruise 2, onshore, front and offshore waters were moving eastward (Table I and Supplementary data online). Offshore waters always showed a westward relative current (Δ ⁎ off ), normally due to faster eastward currents attained by front waters (Table I) .
Sea surface salinity and temperature decreased toward the river (Fig. 2) . This salinity decline was steeper in the close vicinity of fronts with faster currents, Cruise 2 and especially Cruise 4 (Fig. 2) . On the other hand, sea surface chlorophyll displayed the opposite trend with higher values inside the river plume especially during Cruise 3 and 4 (Fig. 2) .
P. pollicipes larval abundance
During the four surveys the early and late nauplii of P. pollicipes presented the same consistent distribution pattern with higher abundances inside the river plume, although early nauplii abundances were always at least one order of magnitude higher than the concentration of late nauplii (Fig. 3) . Both stages were considerably more abundant during Cruise 3 and Cruise 4 (Fig. 3) , which were characterized by higher chlorophyll concentrations (Fig. 2) . On the other hand, during Cruise 2 both stages presented their lowest abundances, in fact no late nauplii were recorded (Fig. 3) .
RDA analysis (P-value < 0.001, adjusted R 2 = 0.62) showed that larval abundances (early and late) had a negative relationship with salinity, temperature and the distance with respect to the front (Fig. 4a) , which concurs with the higher densities found inside the river plume where salinity and temperature were lower (Figs. 2 and 3) . The offshore convergent current (μ ⁎ off ) presented a positive effect on larval abundances, whereas alongshore offshore relative current (Δ ⁎ off ) had a negative one (Fig. 4a) , meaning that larval abundances were higher with stronger convergent currents and when offshore waters moved westward with respect to front waters. Chlorophyll concentration showed a positive effect on larval abundance but this effect was higher on early nauplii than on late ones (more acute angle in Fig. 4a ). Nonetheless, RDA results must be taken with caution since only the horizontal axis was significant (permutation test: RDA1, P-value < 0.001; RDA2, P-value = 0.432), and consequently we have to focus on the results related to this axis.
Variance partitioning explained a 69% of the variance and it revealed that the exclusive effect of biological variables (larval stage and chlorophyll concentration) accounted for the 39% of the variance, the largest fraction followed by the 31% of variance unexplained (Fig. 4b) . Of the variance 17% was explained by the sole effect of relative offshore currents (alongshore and convergent), while temperature and salinity (hydrographic variables) only accounted for 2% (Fig. 4b) . The interactions among all the three sets of variables and between biological variables and currents were the only ones that explained a fraction of the variance and they accounted for 6% and 5.4%, respectively (Fig. 4b) . The effect of chlorophyll concentration on early and late nauplii was very different (Fig. 5) and although both showed a positive relationship, early nauplii presented a much steeper relationship with chlorophyll than late nauplii (Fig. 5 ).
Spatial distribution of P. pollicipes larvae
During all cruises, late nauplii were closer to the coast (river mouth) and presented a more aggregated distribution than early nauplii (Fig. 6) . The average location of P. pollicipes individuals (ALI) decreased linearly with the logarithm of the AF, whereas their AI increased (Fig. 6) . The spatial distribution was most likely determined by the physical effect of advection caused by convergent currents around the river plume front, represented by the AF (AICc weight around 0.9), than caused by chlorophyll spatial distribution (Table II) . Thereby, larvae are more aggregated and closer to the coast when exposed to stronger flows (offshore convergent current), although this effect is less noticeable for faster currents due to the logarithmic nature of the relationship.
D I S C U S S I O N
Pollicipes pollicipes nauplii were consistently found inside a river plume of the Southern Bay of Biscay. Accordingly, higher abundances were related to lower temperature and salinity, faster convergent currents and higher chlorophyll concentration. In fact, variation partitioning revealed chlorophyll was the main driver of P. pollicipes abundance at the small scale. On the other hand, the spatial distribution of the population was mainly related to the physical advection caused by offshore convergent currents.
P. pollicipes larval abundances
The larval abundances (over 300 individuals m −3 ) found in close association with the plume of a medium size river in the Cantabrian Sea represent the highest records to date for the European stalked barnacle. Our cruises coincided with a period of intense spawning (Molares et al., 1994a; Cruz and Hawkins, 1998) , recruitment and high larval abundances (Macho et al., 2010) ; explaining in part the high densities found inside the Nalón River plume. Nonetheless, close to our location, P. pollicipes larvae have been characterized as very scarce throughout the year (Weidberg et al., 2013) as well as in several nearshore surface slicks, which actively accumulated larvae of other taxa (Weidberg et al., 2014) . Pollicipes pollicipes larval abundances inside the Arousa estuary, north-west Spain, were lower by two orders of magnitude (Macho et al., 2010) . Our records are even higher than most of the larval abundances found in the close vicinity of breeding adults of P. pollicipes (Macho et al., 2005) . The surface tows used in this study may neglect subsurface populations, but barnacle nauplii, including P. pollicipes, are usually more abundant at the surface (Vargas et al., 2006; dos Santos et al., 2007; Tapia et al., 2010) . Besides, plankton usually accumulates at the surface in fronts (Franks 1992; Hetland et al., 2002) .
The environmental variables considered in this study were able to describe most of the variance showed by P. pollicipes larval abundances around a river plume front (RDA, R 2 = 0.61; Variation partitioning, R 2 = 0.69).
According to variation partition, larval abundances were scarcely affected by the hydrographic gradients (temperature and salinity) present around the river plume front, and were related to a larger extent to offshore relative currents (alongshore and convergent) and especially to chlorophyll availability (Fig. 4b ), which concurs with previous studies on other barnacle species (Meerhoff et al., 2014) . The small amount of variance explained by the interactions among sets of explanatory variables (Fig. 4b) proves that these sets are quite orthogonal among them, pointing out the reliability of variation partitioning results and the limited effect of collinearity (Borcard et al., 2011) . Barnacles present massive reproductive outburst triggered by high phytoplankton abundances (Barnes, 1953; 1955; Meerhoff et al., 2014; Giesecke et al., 2016) , that might explain the higher densities recorded during Cruises 3 and 4. Nonetheless, other processes, such as plankton accumulation (phyto and zooplankton) caused by convergent flows around fronts (e.g. Le Févre, 1986; Kingsford, 1990; Franks, 1992; Olson et al., 1994; Morgan et al., 2005) , might also be behind the coupling between P. pollicipes nauplii and chlorophyll observed at this very small scale. Younger larvae of P. pollicipes seem to be more influenced by chlorophyll availability (Fig. 5) , although this should be taken cautiously because the low number of late nauplii recorded might have biased this result.
Population structure
The population of P. pollicipes larvae around the Nalón River plume was mainly composed of early nauplii and no cyprids were found, very much like the larval composition observed at the Arousa estuary (Macho et al., 2010) . This population structure was most likely caused by a synchronous larval release, which might have been triggered by high chlorophyll concentrations (Barnes, 1953; 1955; Meerhoff et al., 2014; Giesecke et al., 2016) . Spawning peaks have been described for different barnacle species (Gyory and Pineda, 2011) , including P. pollicipes (Macho et al. 2005) , which would lead to patches dominated by similar developmental stages. Additionally, the heavier predation experienced by older larval stages due to their longer pelagic life (Siegel et al., 2003) , may help explain why we collected so few late nauplii and no cyprids. Nonetheless, our surface tows might have partly promoted the early nauplii dominance since late nauplii and cyprids of other barnacles tend to be more abundant in subsurface waters (Vargas et al., 2006; Tapia et al., 2010) . Fig. 4 . Effect of hydrographic and biological variables on P. pollicipes abundance. (a) RDA ordination for early and late nauplii abundances (logarithmically transformed) constrained by all variables. In the RDA correlation biplot, angles among response variables (black arrows) and explanatory variables (gray arrows), and among response variables or explanatory variables themselves, reflect their correlations, with points representing stations and coding for Cruise (symbols). Inside brackets is the percentage of the variance explained by each axis in relation to the variance explained by RDA. Asterisks indicate significant canonical axes (P-value < 0.001). (b) Schematic bar plot of variance partitioning according to three sets of explanatory variables: Biological (interaction between chlorophyll concentration and larval stage), Currents (interactions between the distance with respect to the front and relative offshore convergent and alongshore currents) and Hydrographic (temperature and salinity).

Spatial distribution of P. pollicipes around the river plume
It seems surprising, at first, that larval abundances were higher inside the Nalón River plume and that surface salinity and temperature only explained 2% of larval dynamics (Fig. 4b) . However, previous studies have shown that barnacle larvae, including P. pollicipes, are abundant in relatively low salinity waters inside estuaries and river plumes (Kingsford and Suthers, 1994; Morgan et al., 2005; Vargas et al., 2006; Macho et al., 2010; Meerhoff et al., 2014; Giesecke et al., 2016) . Therefore, P. pollicipes larvae are probably able to survive the salinities recorded inside the Nalón river plume, causing the weak relationship between hydrographic conditions and larval abundance. The spatial distribution of P. pollicipes larvae was consistently repeated under different conditions ( Table I ), suggesting that it is not the result of a chance encounter. Besides, other barnacles display similar patterns with higher larval abundances inside river plumes (Kingsford and Suthers, 1994; Giesecke et al., 2016) or at river plume fronts (Morgan et al., 2005; Vargas et al., 2006) . Similarly, cirripedia larvae and other meroplankton groups (e.g. bivalves, polychaetes, decapods) are quite abundant inside river plumes in the Bay of Biscay (Thiébaut, 1996; Albaina and Irigoien, 2004; Ayata et al., 2011) , suggesting that our results are a common feature for several meroplankton groups and river plumes in the area. The location of P. pollicipes nauplii inside the Nalón River plume and the extent of their aggregation are clearly more related to the physical advection caused by convergent currents than to the spatial distribution of chlorophyll (AICc weight ≈ 0.9, Table II ). Pollicipes pollicipes nauplii were closer to the coast with stronger convergent currents following a logarithmic relationship (Fig. 6) , which agrees exactly with the effect showed by cross-frontal advection on gelatinous zooplankton (Höfer et al., 2015) , suggesting that advection around Nalón River plume is influencing the spatial distribution of several planktonic groups.
The Nalón plume is not different from other plumes, with a thin surface layer of buoyant water, spatially constrained by sharp changes in physicochemical properties, especially salinity, and by currents that converge at the front and then sink, following the pycnocline (Garvine, 1974; O'Donnell, 1993) . Pollicipes pollicipes nauplii exhibit positive phototaxis (Macho et al., 2005) , placing nauplii under the direct influence of convergent surface currents. The plume front traps very slow zooplankters which are unable to swim against the flow, thus being entrained under the surface plume (Hetland et al., 2002) . Once below the plume, P. pollicipes nauplii would swim upwards by positive phototaxis, thus entering the surface plume water. These nauplii would reach the surface at a distance from the front that would ultimately depend on their swimming velocity and the intensity of the convergent currents (Franks, 1992) . In our case, a potential source for P. pollicipes nauplii recorded inside the Nalón River plume might be the Deva Island (Fig. 1) , which is known to harbor a  stable population of adult barnacles of commercial interest for local fishermen (Rivera, personal communication) . Similarly, wind driven currents have been proposed as the explanation for the entrance of P. pollicipes nauplii into riverine waters at the Arousa estuary (Macho et al., 2010) .
All the surface currents recorded around the Nalón River plume were fast enough (0.9-37.7 cm s ; Candeias, 2006) . Therefore, late nauplii experienced a stronger advection due to their longer pelagic lifespan (Molares et al., 1994b; Kugele and Yule, 1996) , explaining the consistent more coastal and aggregated distribution of late nauplii recorded at the Nalón River plume front (Fig. 6) . The exact same situation was found at the Arousa estuary where late nauplii of P. pollicipes were found closer to the river mouth (Macho et al., 2010) . Similarly, late nauplii distribution has been reported further from spawning adults than earlystage nauplii for other barnacle species (Tapia and Pineda, 2007) . Besides, previous studies have also proposed that river plume fronts enhance the aggregation of barnacle larvae (Vargas et al., 2006) , supporting a mechanistic role of surface convergent currents in aggregation and advection of barnacle larvae.
Fast currents and weakly swimming larvae have also explained the presence inside river plumes of other meroplankton groups across the world, such as bivalve and brachyura larvae on the North American coast (Williams and Porter, 1971; Williams, 1971; Bloodsworth et al., 2015) , or polychaetes on Taiwan coast and the Seine river in France (Thiébaut, 1996; Hsieh et al., 2010) . The horizontal distribution of meroplankton around river plumes also depends on their swimming behavior like ontogenetic migrations (Ayata et al., 2011; Bloodsworth et al., 2015) , which concurs with the positive phototaxis displayed by P. pollicipes nauplii (Macho et al., 2005) and the effect of surface currents on larval horizontal distribution around Nalón river plume. In a subtropical estuary (Hsieh et al., 2010) , polychaete larval distribution was partly determined by larval swimming ability, agreeing with our results for P. pollicipes nauplii and gelatinous zooplankton around the Nalón river plume (Höfer et al., 2015) .
Possible implications of river plumes on P. pollicipes biology
The Nalón River plume and other river plumes might be nurseries for P. pollicipes larvae. Late and especially early nauplii were positively correlated with chlorophyll concentrations (Fig. 5) , a pattern which has been noticed for other barnacle larvae (Vargas et al., 2006; Meerhoff et al., 2014) . Buoyancy fronts are usually sites of enhanced phytoplankton production (Franks and Anderson, 1992; Uye et al., 1992) , where barnacle nauplii may grow rapidly, feeding upon an abundant food supply and increasing their survival rates (Vargas et al., 2006) . In addition, river plumes represent alongshore transport mechanisms for larvae of many benthic organisms, including P. pollicipes (Epifanio and Garvine, 2001) . In this regard, mesoscale hydrographic structures (e.g. eddies) and local circulation patterns have been proposed as the reasons for the local "self-recruitment" of P. pollicipes on the Cantabrian Coast, causing the genetic differentiation of its populations (Quinteiro et al., 2007) . Some of the best rocks to harvest stalked barnacles are located in the surroundings of the Nalón mouth (Rivera, personal communication) , which might be partially due to enhanced recruitment by the river plume. Further research should focus on elucidating the link between plume dynamics and population recruitment of this heavily exploited barnacle.
C O N C L U S I O N
High larval abundances of the commercially important stalked barnacle, P. pollicipes, have been consistently observed inside the Nalón River plume. Abundances were mainly related to chlorophyll a concentration and surface currents present around the river plume. These aggregations most likely result from transport of larvae by convergent frontal flows, retaining larvae inside patches with enhanced food supply. Thus, we hypothesize that river plumes in general may represent an important process for larval retention and the spatial The best fitting models according to second order Akaike Information Criterion (AICc) are highlighted in bold. The models with *st have different slopes and intercepts for the early and late nauplii. The predictors used were: advection factor (AF), average location of Chl a with respect to the front (ALI Chl a) and Chl a (AI Chl a). The table also shows the differences in AICc between the best model and every model considered (Delta AICc), the relative weight of each model (AICc Wt) and the cumulative weight of the models (Cum Wt).
structuring of stalked barnacle (P. pollicipes) recruitment within its distribution range.
S U P P L E M E N T A R Y D A T A
Supplementary data are available at Journal of Plankton Research online.
A C K N O W L E D G E M E N T S
We thank J. Sostres, M.P. Fernández-Rueda and the crew of the RV "Nueva Asturias" for their help onboard. Antonella Rivera kindly provided her assistance with information on local populations of adult barnacles. Useful comments from A. Piñones, the Associate Editor and three anonymous referees helped us to greatly improve the manuscript. 
